. However, subdifferences in the distribution of information between sequent analysis showed that phase 0 introns were, on introns and exons. Old introns have a lower informaaverage, located in more highly conserved portions of tion content in the exon regions adjacent to the splice genes than phase 1 and 2 introns [8]. This suggested that sites than new introns but have a corresponding higher phase 1 and phase 2 were subject to greater deleterious information content in the intron itself. This suggests mutation-driven intron loss and could reconcile the obthat introns insert into nonrandom (proto-splice) sites served phase distribution with the proto-splice site hybut, during the evolution of an intron after insertion, pothesis [17]. the splice signal shifts from the flanking exon regions
Species name abbreviations: At, Arabidopsis thaliana; Ag, Anopheles gambiae; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Hs, Homo sapiens; Pf, Plasmodium falciparum; Sc, Saccharomyces cerevisiae; and Sp, Schizosaccharomyces pombe.
It has been noticed previously that the nucleotide contwo most intron-poor genomes (Table S2) . Furthermore, the differences remained significant when the data were tent of several positions adjacent to splice junctions in both the intron and the exon is substantially nonrandom, normalized for genome-specific nucleotide composition (Table S3 and Supplemental Experimental Procedures). i.e., these positions have an increased information content [ 
17, 21-23]. The positions with high information
Thus, the observed differences in the information distribution around the splice sites of old and new introns content are generally thought to be functionally important. In the case of splice junctions, this is supported appear to be due primarily to signal migration from exon to intron during intron evolution. by the data on the interactions between the spliceosome and the target pre-mRNA and by site-directed mutagen-
The greatest difference in information content in intronic and exonic positions around the donor site was esis results [24] [25] [26] . Figure 1A shows a plot of information content in nucleotide positions around the donor observed between old and new introns of phases 1 and 2 ( Figures 1C and 2) . Specifically, the most pronounced and acceptor splice sites in all analyzed introns. Maximum information content is seen in positions Ϫ2, Ϫ1, effect was seen in the first and second positions of the codon broken by the intron, which are the Ϫ1 positions ϩ3, ϩ4, and ϩ5 of the GT donor site and in positions Ϫ3 and ϩ1 of the AG acceptor site, in a general agreefor donor sites of phase 1 and 2 introns, respectively ( Figures 1C and 2) . Conversely, at the acceptor site, the ment with previous observations [17, [21] [22] [23] . As shown in Figure 1B , both the exon and intron sequences around greatest difference in the ϩ1 position was seen for phase 1 introns, followed by phase 0 introns, whereas for phase the donor site are purine-rich, with a prevalence of G in positions Ϫ1 and ϩ5 and of A in positions Ϫ2, ϩ3, and 2 introns, the difference was very small (Figures 1C and  2) . In each case, a roughly complementary increase of ϩ4; in contrast, the intron sequence upstream of the acceptor site has a pyrimidine excess (up to the position information content was seen within old introns, with the exception of phases 0 and 2 at the acceptor site, Ϫ15; data not shown), and position ϩ1 of the acceptor site has a slight purine excess. A comparison of the where no appreciable increase was seen (Figure 2 ). In addition, a significantly greater excess of pyrimidines in information content in these positions revealed a notable difference between old and new introns: the old old introns compared to new ones was observed in a ten-nucleotide stretch of the intron sequence upstream introns, on average, had the greatest information content within the intron, whereas in the case of new introns, of the acceptor site (positions Ϫ6 to Ϫ15; p Ͻ 10 Ϫ3 ; data not shown). the strongest signal was seen in the flanking regions of the adjacent exons (Figures 1 and 2) . The magnitude
The results reported here confirm the well-documented excess of phase 0 introns but additionally show of the difference in the nucleotide frequencies (and the associated information content) between old and new that this excess is much more pronounced among new introns compared to old ones. This trend has already introns at these critical positions varied, depending on the intron phase ( Figure 1C ), but, in most cases, it was been noticed in the previous study [8] but became more pronounced once we examined old and new introns statistically highly significant (Table 2 ).
In the above analysis, the old and new introns from all separately in individual species in the present work. The difference was particularly notable in genomes that analyzed species were pooled together. Since different species contained varying fractions of old and new inharbor numerous new introns, namely A. thaliana, C. elegans, and, to a lesser extent, H. sapiens (Table 1) . trons (Table 1) , it could not be ruled out that the observed differences in information content of the regions adjaThis suggests that new introns either preferentially insert between codons (phase 0) or are preferentially fixed cent to splice junctions were species specific rather than intron age specific. To test for this possibility, we in these positions. The conjecture of the introns-early hypothesis that phase 0 introns are remnants of primoranalyzed the information content of the sequences surrounding the splice sites of old and new introns in indidial genetic organization, where they punctuated originally independent protein modules [27] , thus appears vidual genomes. Application of sign statistics showed that information content in the exons was greater for to be refuted. The distribution of nucleotides in exon positions that the new introns, and information content in the introns was greater for the old introns in each genome (Tables  flank the donor and acceptor splice sites is nonrandom and, importantly, the information content of these posi-S1 and S2). This result was statistically significant for all species except for S. pombe and P. falciparum, the tions is significantly greater around new introns com-at the acceptor site. The observed phase-specific pattern of information distribution seems to be a telltale sign of selection for disjointing the overlapping signals for splicing and protein function. The apparent information transfer from exon to intron is most substantial when the crucial Ϫ1 (at the donor site) or ϩ1 (at the acceptor site) nucleotide is in the second position of a codon, i.e., phase 2 and phase 1, respectively. Indeed, the differences between the information content between old and new introns in these two cases are the greatest and most statistically significant of all analyzed sites ( Figure 1C and Table 2 ). In these sites, a substitution inevitably leads to an amino acid replacement (unless accompanied by a second substitution in the upstream position), and it appears that selection acts to free the sites flanking the splice junctions for amino acid changes. In other words, selection for evolvability [28] seems to take place. Thus, evolution of an intron is likely to involve accumulation of mutations in the terminal sequences of the intron, leading to enhancement of the intronic splice signal, concomitantly with mutational deterioration of the signal in exons. An alternative explanation for the greater information content of intronic sequences adjacent to the splice junctions in old introns as compared to new introns could be that among the newly inserted introns, those with a stronger signal survive longer. However, this hardly could account for the greater information content in the exonic part of the splice signal in the new introns. We can now revisit the issue of the excess of phase 0, particularly, among the new introns. It has been shown that the distribution of the putative proto-splice sites does not provide for the observed distribution of intron phases under the random insertion model [15] ; a similar analysis that we performed with the nucleotide sequences of the genes analyzed here supported this conclusion (data not shown). Thus, it appears most likely that the excess of phase 0 emerges at the level of fixation, and so it has been proposed that phase 1 and phase 2 introns are preferentially lost because insertion in these phases is more deleterious than phase 0 insertion [29] . The cause of weak negative selection leading to preferential elimination of phase 1 and 2 introns could be the same as the cause of the apparent information flow from exon to intron, i.e., the dual selective pressure are compatible with these ideas but suggest that such 
